We discuss W and Z production through the deep inelastic ν l N -scattering in the context of the standard model SU (3) C × SU (2) L × U (1) of the strong and electroweak interactions. We find that the cross section rates for the process ν l +N → l − +W + +X reach significant values for the case of ultrahigh-energy neutrinos (10 14 eV ≤ E ν ≤ 10 21 eV ) colliding on a target nucleon. We obtain σ(ν l + P → l − + W + + X) = 2.0 × 10 −33 cm 2 and σ(ν l + N → l − + W + + X) = 1.5 × 10 −33 cm 2 for E ν = 10 21 eV and E N = m N . We also calculate σ(ν l +N → l − +X) to find out how compares to σ(ν l +N → l − +W + +X). In particular, we get σ(ν l + P → l − + W + + X)/σ(ν l + P → l − + X) = 2.6 × 10 −2 and σ(ν l + N → l − + W + + X)/σ(ν l + N → l − + X) = 1.9 × 10 −2 for E ν = 10 21 eV and E N = m N . 13.15.+g, 13.85.Tp, 25.30.Pt 
I. INTRODUCTION
Large-scale neutrino telescopes [1] have as a main goal the detection of ultrahigh-energy (UHE) cosmic neutrinos (E ν ≥ 10 12 eV ) produced outside the atmosphere (neutrinos produced by galactic cosmic rays interacting with interstellar gas, and extragalactic neutrinos) [2] . UHE neutrinos can be detected by observing long-range muons produced in chargedcurrent neutrino-nucleon interactions. A very enlightening discussion on UHE neutrino interactions is given by R. Gandhi et al. [3] .
The detection of UHE neutrinos will provide us with the possibility to observe νNcollisions with a neutrino energy in the range 10 12 eV ≤ E ν ≤ 10 21 eV and E N = m N ≈ 1
GeV of the nucleon. One of the aims of detecting UHE neutrinos is to look for physics beyond [4] the standard model [5] . This can be done only if the results of the standard model are known in all details. Therefore, we discuss in this paper heavy vector boson production in the deep inelastic ν l N -scattering in the frame of the standard model SU(3) C ×SU(2) L ×U (1) of the strong and electroweak interactions and using the parton model [6] with the parton distribution functions reported by J. Pumplin et al. [7] , which take into account bottom contribution.
A heavy vector boson produced in νN -scattering in a process with a charged lepton in the final state is easier to detect than that produced in a process with a neutrino in the final state. Moreover (see figs. 2.1-2.5) , the cross section for the process ν l + N → l − + W + + X is bigger than the corresponding one for the process ν l + N → l − + Z 0 + X, because the former gets contributions from photon exchange diagrams. Hence, we present results for the total cross section in the case of W + production through the processes ν l +N → l − +W + +X as a function of the neutrino energy in the range 10 12 eV ≤ E ν ≤ 10 21 eV and taking E N = m N for the nucleon. We also calculate σ(ν l + N → l − + X) to find out how compares to σ(ν l + N → l − + W + + X).
Erlier estimations of the W production rates in νN -scattering were given in 1970, by H. H. Chen [8] , and by J. Reiff [9] , in 1971 by R. W. Brown and J. Smith [10] , and by F. A.
Berends and G. B. West [11] . The calculations in these works were made without using the standard model [5] , nor the parton model either [6] . This paper is organized as follows. In section II we put together the expressions for the kinematics of the production of a massive vector bosons in deep inelastic neutrino-nucleon scattering and discuss the influence of putting cuts on the phase space of the produced particles. In section III we perform the explicit calculation of the matrix elements and the differential cross section for polarized scattering. We present and discuss our results for the total cross section for the case of the W + production in section IV. Finally, section V contains a summary of our conclusions.
II. KINEMATICS
In this section we will discuss the kinematics and phase space of the production of a heavy vector boson B = (W ± , Z 0 ) through the inclusive processes
where ν l , N , l ′ and B stand for the incoming neutrino, the target nucleon, the final lepton (ν l or l − ) and the produced massive boson. We will denote the four-momenta of these particles by p, P N , p ′ and k, respectively. We choose in accordance with the kinematics for the collision of a neutrino on a target nucleon the following construction:
As usual we define the invariants:
and the dimensionless variables:
The physical region of these kinematical variables is obtained from the requirement that the scalar products of any two particle four-momenta be positive, the determinants ∆ 3 of any three particle four-momenta positive, and the determinant ∆ 4 of the four independent four-momenta (whenever possible we will neglect the nucleon and lepton masses):
negative [12] .
From the positivity of the scalar products we find:
Explicit evaluation of ∆ 4 using (3), (4) and (5) gives:
where
with µ = M 2 B /s and s = 2m N E ν . The condition ∆ 4 ≤ 0 can be used to restrict τ :
From the requirement that τ a,b is real, together with x ≥ 0, y ′ ≥ 0 and y ≤ 1 follows the
which is equivalent to ∆ 3 (p, p ′ , k) ≥ 0. Eq.(10) can be used to replace (6) by the more stringent relations:
Eqs. (8) , (9) , (11) define the physical region for the dimensionless variables x, x ′ , y, y ′ and τ .
As mentioned already we put all fermion masses zero. This implies that in the calculation of the total cross section the integration over the momentum transfer square extends up to zero. Hence, we have no natural regulator for the contribution of the photon-exchange diagrams. This is one of the reasons that we need cuts on Q 2 and Q ′2 . Another reason is that the parton distributions can be used only for Q 2 and Q ′2 not too small. Furthermore, in order to separate deep inelastic from elastic scattering a cut on the invariant mass W of the unobserved particles in the final state is required. Therefore, besides the kinematical conditions (8), (9) , (11) we have in general also the following:
The cuts for Q 2 , Q ′2 and W constrain further the physically allowed region for the process (1) . This region can now be written in terms of the dimensionless variables as follows:
with
The limits for τ are not altered by these cuts given in (12), they remain as in (9).
III. THE DIFFERENTIAL CROSS SECTION FOR INCLUSIVE BOSON PRODUCTION
The differential cross section dσ ν l N for (1) is calculated in the parton model from the cross section dσ ν l q of the parton subprocess
(where ν l , q, l ′ , q ′ and B stand for the incoming neutrino, a quark inside the target nucleon, the final lepton (ν l or l − ), the outgoing quark and the produced massive boson) and the parton distribution functions f q (x * ,Q 2 ), which are the probabilities to find a quark q with the fraction x * of the nucleon momentum: q µ = x * P µ N , in a scattering process with momentum transfer squareQ 2 . We will denote the four-momenta of these particles by p, q, p ′ , q ′ and k, respectively. As usual we define for the parton process the invariant variablesŝ,Q 2 , . . . ,ν ′ and using the definitions given in (3) we get the following relations:
The variablesŝ, . . . ,ν ′ are not independent. For massless partons we haveQ ′2 = 2ν ′ and consequently x * = Q ′2 /2ν ′ . Comparing with the definition of x ′ given in (4) we conclude
The parton cross section is obtained from the invariant matrix element M(ν l q → l ′ q ′ B):
The sum is over all fermion spin states s and the polarizations λ of the produced boson.
The 3-particle phase space dΓ 3 can be expressed with help of the different sets of variables introduced in (15), (3) and (4), and using (7), in the following forms:
From (16) and (17) we obtain 
Diagrams containing the exchange of Higgs bosons have been neglected because of the smallness of the Higgs fermion coupling. We present the explicit expressions for these matrix elements in a way which is suited not only for the standard model of the electroweak interaction but also for extended models containing more vector bosons than the SM. Therefore, denoting with f the fermions and with B the gauge bosons we define the couplings:
In the case of the standard model the coupligs of the fermions to the Z and W bosons are given as follows (e = √ 4πα)
:
Q f and T 3 f stand for the charge and the third component of the isospin of the fermion f. For the three bosons non-Abelian couplings we have:
The invariant matrix elements M ν l q,a , a = {l, h, n} for the production of the boson B (polarization vector ε µ (k, λ)) in the scattering of the neutrino with initial and the outgoing lepton with final longitudinal polarization P l , P l ′ and the quark with initial and final polarizations P q , P q ′ can be expressed taking all fermion masses zero (hence P l ′ = P l and P q ′ = P q ) in the following form
where the left-, righthanded currents of the leptons and quarks are defined as usual
and J h,Pq µ =ū(q ′ ) γ µ P q u(p). and the tensors F µν r , r = {1, 2, 3} are defined as follows:
for lefthanded polarizations of leptons and quarks. For other polarizations L has to be replaced by R in a suitable way in (19).
The next step in the calculation of dσ lN Pq,P l is to square M ν l q Pq,P l :
Pq,P l * and sum over all fermion spin states s and the polarizations λ of the produced boson.
We have
Since the f r,a Pq,P l , s are real functions and using the expressions given for H Pq µν and L Pq µν in the appendix is straightforward to show that
M ν l q,l Pq,P l (M ν l q,h Pq,P l ) * + M ν l q,l Pq,P l (M ν l q,n Pq,P l ) * + M ν l q,h Pq,P l (M ν l q,n Pq,P l ) *    Explicit expressions for the quantities T r,r ′ are presented in the appendix, also the summation over the polarizations λ of the produced boson is performed there.
A heavy weak boson B can be produced in deep inelastic ν l N collisions 1 via the following processes:
The diagrams which contribute in lowest order at the quark level to the different reaction mechanisms (production at the leptonic vertex, at the hadronic vertex and through the boson self interaction) of all these processes are depicted in figs. 2.1 -2.5. The process ν l + N → l − + W − + X, is forbidden in lowest order. We see from these figures that the reactions (P.1) -(P.4) get only contributions from heavy boson exchange diagrams and therefore their total cross sections are expected to be very small and we will not discuss them in this work.
The final step in the evaluation of dσ ν l N consists now in putting together the parton cross sections dσ ν l q and the parton distribution functions f q (x ′ ,Q 2 ). In contrast to deep inelastic ν l N -scattering the choice ofQ 2 is not unambiguos in our case since the momentum transfer to the nucleon depends on the reaction mechanism (in other words, whether the boson is emitted at the leptonic or at the hadronic vertex). For leptonic production it is For the non-Abelian diagrams a simple kinematical argument is not sufficient. For heavy boson production in neutrino quark scattering unitary would be violated without a coupling between the W , Z and γ bosons. Therefore unitarity is restored through strong cancellations between these non-Abelian diagrams and either the leptonic or the hadronic contributions to neutrino lepton scattering. For the process ν l + N → l − + W + + X we calculate with the following practical prescription which guarantees this gauge theory compensation for its cross section
The first line collects the expressions where the heavy boson is emitted from the lepton line or the non-Abelian vertex, the second line production from the quark line, and the last line contains the interference of these production mechanisms. Since we are neglecting the contribution from heavy boson exchange diagrams the previous prescription reduces to
We have already pointed out in the previous section that the process ν l +N → l − +W + + X is the only one which gets contribution from photon-exchange diagrams. Therefore, we will restrict ourselves to calculate numerically the cross section for W + -production through this process, leaving out the contribution from heavy boson exchange diagrams.
We obtain our numerical results using the standard model of the electroweak interactions [5] , taking M W = 80.4 GeV for the mass of the charged boson W and M Z = 91.2 GeV for the mass of the neutral boson Z (hence sin 2 θ W = 0.223 for the electroweak mixing angle) [13] . We present results for the case of unpolarized deep inelastic νN -scattering with an neutrino energy in the range 10 12 eV ≤ E ν ≤ 10 21 eV and the nucleon at rest, i .e. a target nucleon (proton energy E P = 938 MeV and neutron energy E N = 939 MeV ). We take cuts of 4 GeV 2 , 4 GeV 2 and 10 GeV 2 for Q 2 , Q ′2 and the invariant mass W , respectively. These values for the cuts are suited for the parton distribution functions of J. Pumplin et al. [7] which we will use in our performances.
In fig. 3 , we plot σ(ν l + P → l − + W + + X) and σ(ν l + P → l − + X) as functions of E ν . We can observe that the cross section rates for W + production reach significant values. We obtain σ(ν l + P → l − + W + + X) = 2.0 × 10 −33 cm 2 for E ν = 10 21 eV . In fig. 4 , we show σ(ν l + N → l − + W + + X) and σ(ν l + N → l − + X) as functions of E ν . We see in this plot that the cross section rates for W + production reach significant values. We obtain σ(ν l + N → l − + W + + X) = 1.5 × 10 −33 cm 2 for E ν = 10 21 eV . Finally, in fig. 5 , we present our results for σ(ν l + N → l − + W + + X)/σ(ν l + N → l − + X) (N : P, N) as functions of E ν in the range 10 14 eV ≤ E ν ≤ 10 21 eV , with E N = m N . In particular, we obtain σ(ν l + P → l − + W + + X)/σ(ν l + P → l − + X) = 2.6 × 10 −2 and σ(ν l + N → l − + W + + X)/σ(ν l + N → l − + X) = 1.9 × 10 −2 for E ν = 10 21 eV .
The results depicted in figs. 3, 4 and 5, show clearly the need of taking into account W + production in the analysis of the physics of ν l N -scattering with UHE neutrinos. For instance, when looking at future ultrahigh-energy neutrino experiments [1] for physics beyond [4] the standard model in such collisions.
V. CONCLUSIONS
We have presented the general formulas for the cross section of the production of massive vector bosons in deep inelastic neutrino nucleon scattering in the framework of the standard model. The expressions for the matrix elements are given in such a way that they are suited also for extended models containing more vector bosons than the SM.
Heavy bosons produced through processes with an charged lepton in the final state are easier to detect than those produced in processes with a neutrino in the final state.
Further, among the processes with an outgoing charged lepton, the production rates for charged W + boson are bigger than those for neutral Z boson, because in the latter case photon-exchange diagrams do not contribute in the lowest order of α. Therefore, we have restricted the numerical evaluation to the total cross section rates of the process ν l + N → found that the cross section rates reached significant values. In particular, we have obtained σ(ν l + P → l − + W + + X) = 2.0 × 10 −33 cm 2 and σ(ν l + N → l − + W + + X) = 1.5 × 10 −33 cm 2 for E ν = 10 21 eV .
APPENDIX A
In this appendix we give, taking all fermion masses to be zero, the expressions for the quantities T r,r ′ , which are defined as follows:
and P q , P l being the polarization of the initial quark and initial neutrino, respectively. In general, these quantities are functions of scalar products of the momenta p, q, p ′ , q ′ , k and the polarization vector ε of the produced boson.
Using the polarization sum for the massive vector boson
and the definitions given in (18) we get
With help of these expressions we obtain
The remaining T ,s can be expressed as follows
±8(εp · p ′ q · q ′ k − εp ′ · pq ′ · qk LR, RL −εq ′ · p ′ q · pk + εq · pq ′ · p ′ k)
Using (A1) and (18) we get λ εP 1 · εP 2 = −P 1 P 2 + kP 1 · kP 2 M 2 B λ εP · F µν 2 = F µν 2 (ε → −P ) λ εP · F µν 3 = F µν 3 (ε → −P )
for P, P 1 , P 2 = p, q, p ′ , q ′ . Hence λ εP 1 · εP 2 T 11 = (−P 1 P 2 + kP 1 · kP 2 M 2 B ) T 11 
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